Introduction
The first research objective at the University of Guelph related to the niche Advanced Life Support (ALS) field in space exploration was based on the management of air quality in sealed (or partially sealed) spaces. The accumulation of volatile organic compounds (VOCs) and trace hydrocarbons in closed spaces contributed to the
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As the SALSA program continued to evolve, attention was also paid to additional International collaborations and linkages. A close relationship with colleagues at NASA's Kennedy Space Center (Florida) was developed and a productive research collaboration based on personnel exchanges and technology transfer has been sustained to this day ( Figure 1D ). This relationship has been formally recognized in the form of a Memorandum of Understanding by the respective institutions and was updated and renewed in 2016, with further agreements and collaborations currently under consideration. A significant expansion of the research and technology development objectives of the SALSA program was realized through a Canada Foundation for Innovation/ Ontario Innovation Trust funded infrastructure project in 2000. With industry partners in the aerospace and greenhouse industry sectors, the Controlled Environment Systems Research Facility (CESRF) was established and officially opened in May, 2001 . The core of the research infrastructure was embodied in a suite of 14 variable pressure hypobaric plant growth chambers (Figure 3 A, B, C) designed to address the question -"How low can we take the atmospheric pressure while maintaining the contributions of plants to human life support?" The research campaign addressing this and related issues is ongoing and has yielded a broad range of findings including the low pressure limits of plant survival (Chamberlain et al. 2003; Stasiak et al. 2007; ), microbial responses to hypobaric conditions (MacIntyre et al. 2011) , plant responses to rapid decompression simulating a leak of the "greenhouse" to the vacuum of space (Wheeler et al. 2011) , response of bees as pollinators to hypobaric conditions (Nardone et al. 2012 ) and the rearing of mealworms (Li et al. 2016) . Additional ALS studies include studies on MELiSSA candidate crop selection (Paradiso et al. 2014; Stasiak et al. 2012) , integrated crop production (Stasiak et al. 2003 ) staged plant production (Waters et al. 2003) and investigations on inner/intra canopy lighting (Dixon et al. 1999; Stasiak et al. 1998 ).
Fundamental to the main research activities at the CESRF has been the development of increasingly sophisticated controlled environment systems as research tools in addressing questions related to the use of plants in space for human life support. The Guelph BlueBox Sealed Environment Chamber (BBSEC) technology includes a range of technical advances designed to enhance the fidelity of environment control protocols and the reliability of the experimental findings. Over the past two decades a number of iterations of the Guelph BlueBox have been developed and deployed including single plant and full canopy hypobaric chambers ( Figure  1 ) and a customized version designed for Syngenta Crop Protection LLC (Triangle Park, North Carolina, USA)) as a phenotype testing tool in their plant breeding program (Figure 4) . The most recent expression of the BBSEC technology has been dubbed the PS1000 and is the product of a collaboration between the CESRF, Conviron Ltd. of Winnipeg, Canada and Intravision Group Ag of Oslo, Norway. The PS1000 variation of the Guelph BlueBox ( Figure 5 ) was specifically designed to provide a very high level of detail in assessing plant-environment interactions. It takes advantage of recent advances in LED lighting technology to allow the delivery of light spectra from a single wave band at variable photon flux densities, to any combination of up to seven separate wavebands ranging from ultraviolet to far red. The intensity of each waveband is also individually controlled, providing in any practical sense, limitless combinations of light quality and quantity. Initial testing of the prototype PS1000 has demonstrated the range of capabilities for assessing plant responses to environment variables such as CO2, vapour pressure deficit, temperature, light quantity and spectral quality, nutrient and water all of which inform ALS crop production strategies. Some typical results are shown in ( Figure 6 ). It is expected that tools like the PS1000 will continue to provide answers to critical questions related to the reliable deployment of biological systems in space for human life support, while generating a whole new series of questions related to plant physiology, growth and development in both terrestrial and spaceflight applications.
Terrestrial Technology Transfer
Although space exploration is the technical "pull" for the research agenda at the CESRF, most of the research and technology development activities provide equally valuable contributions to terrestrial applications and provided commercialization opportunities for our industry partners. Developments in products, processes and sensors related to recycling have been driven by the necessity to limit waste in space as a fundamental precept of a reliable life support strategy. Similarly, here on Earth the necessity to limit waste is becoming ever more evident and the agri-food sector is no exception. Indeed, many agricultural jurisdictions around the world have legislated the extent to which the "leakage" of fertilizer and pesticide residues will be tolerated. As humans approach the further The Guelph PS1000 advanced analytical plant growth chamber. The combined advanced environmental manipulation, control, and physiological (e.g., photosynthesis, gas exchange, etc.) monitoring capabilities incorporated into this chamber technology represent some of the most advanced whole plant in situ analytical systems currently available. These infrastructure developments, driven by the needs of ALS system research, are informing terrestrial plant biology and agricultural systems and driving innovation in emerging fields such as controlled environment phyto-pharmaceutical production, plant-based medicinal products, and vertical agriculture Figure 6 : Preliminary capability data of the PS1000 analytical plant growth chamber. A) Changes in net photosynthesis in response to increasing concentrations of ambient carbon dioxide. As long as light is not limiting, more carbon dioxide = faster growing plants; B) Change in the rate of evapotranspiration in response to increasing irradiance. Higher light = increased photosynthesis = increased water use; C) Changes in net photosynthesis in response to increasing irradiance. Light curves help identify the optimal light intensity for growth. Tomato and pepper are able to utilize higher intensities of light than lettuce Figure 4 : Guelph Bluebox sealed environment chamber designed for precision measurement of plant productivity, photosynthesis and evapotranspiration as it relates to rapid phenotype testing exploration of the Moon and eventually venture to Mars, maintenance of recycling processes for nutrients, water, growing substrates and pathogen control will be critical technical requirements in ALS systems.
Nutrient Solution Management
Amongst all the environment variables which we seek to manage in plant production controlled environments, the nutrient solution represents the most significant technical challenge. The quality of an irrigation or fertigation (fertilizer added to irrigation solution) solution is based on three primary quality factors: 1) plant nutrient composition, 2) microbiological composition, and 3) organic chemical composition, specifically any potentially detrimental chemical contaminants. If any one of these three quality domains is outside of acceptable limits, the solution may not be suitable for plant production. This can be a significant issue particularly if the plants are the basis of a crew's life-support system.
Nutrient Composition Management
Nutrient solution quality, as represented by both the relative and absolute concentrations of mineral nutrients in the solution, is typically managed by feedback control offered by electrical conductivity (EC) sensors common to the greenhouse industry. These sensors are physically robust but lack specificity; they measure the combined electrical conductivity contribution of all the mineral ions in the solution, giving the system manager little or no indication of the actual mineral composition. Plant nutrient uptake is a dynamic process, being influenced by numerous environmental and developmental factors, and does not necessarily match the nutrient ratios of the fertilizer stock solutions that are used to maintain nutrient balances within the system. Combine this with fertilizer replenishment based on the non-specific data provided by EC sensors and the nutrient balance can quickly become unsettled, ultimately leading to deficiencies, toxicities or both. Once a solution reaches this level of imbalance, it is too degraded to be recoverable at any reasonable level of expense or effort and is ultimately discharged from the production system as a waste product. This is not an option in spaceflight applications and is quickly becoming so terrestrially with the implementation and evolution of environmental legislation (Ontario 2006; 2002; 1990 
Pathogen and Chemical Contaminant Management
Pathogens and chemical contaminants are two distinct solution quality concerns in both spaceflight and terrestrial plant production systems; however, concurrent management can be achieved through the selection of appropriate technologies. Developing disinfection protocols that are spaceflight compatible also leads to improved processes for terrestrial greenhouse operators who face many of the same conceptual constraints, although not at the same level of closure. The restrictions imposed by spaceflight with respect to disinfection Collaboration with local industries has seen the development of various applications of these technologies ranging from shelf life extension of cut flowers (Robinson et al. 2009 ) to mitigating the effects of pathogens and organic contaminants in hydroponic solutions (Graham et al. , 2011 ).
Plant Growth Substrate
Continuing with the recycling theme the program has contributed to the development of recyclable plant growth substrates in collaboration with the relevant agricultural supply industry. Two such substrates (Royal Grow 1 and Royal Grow 2) have been licensed and are now commercially available in Canada. The SALSA program also shared an Ontario Centres of Excellence Mind to Market award with an industry partner in the development of a recyclable plant growth substrate for the greenhouse industry.
Biofiltration of Indoor Air
The activities in the laboratory developing and testing hypotheses related to biofiltration and maintenance of air quality in closed spaces (Darlington et al. 2001; Munz et al. 2002) were concurrent with using biofiltration technology to address indoor air quality issues. (Figure 8 ). Four (4) initial patents resulted from the early investigations and the opportunity to commercialize was presented. 
Phyto-Pharmaceuticals
Among the most potentially lucrative applications of controlled environment technology is in the production of pharmaceutical commodities using plants. Currently the SALSA program is engaged in two (2) projects in collaboration with industry sponsors investigating various physiological factors related to production of secondary metabolites. These projects are (i) enhancing the production of the cancer drug Herceptin (trastuzumab) following vacuum infiltration of the target protein and, (ii) developing standardized production protocols for medicinal cannabis. The latter project has supported the development of the Guelph PS1000 technology ( Figure  5 ) and promises to be a rich source of new technology development in controlled environment systems. In terms of spaceflight applications, such in situ molecular production (aka molecular farming) can have far-reaching implications when considering more distant human exploration colonization missions. It can be easily conceived that targeted neutraceuticals and phytopharmaceuticals could be produced as a life-support service provided by ALS crop plants. Such a capacity would contribute to the countermeasures available for combating the rigors of spaceflight and extraterrestrial 
STEM Outreach and Education
The attraction of space exploration to the younger generations is undeniable and the SALSA program at the University of Guelph has leveraged this attraction in a very successful educational outreach project called Tomatosphere™ (www.tomatosphere.org) (Morrow et al. 2010) . The SALSA and related programs at the University of Guelph's Controlled Environment Systems Research Facility also supports numerous other education and outreach activities including, but not limited to, the hosting of elementary and secondary school field trips, an active intern program, international academic personnel exchanges, and a substantial graduate student program. Two of the authors are also developing undergraduate and graduate level courses in controlled environment systems, with a strong focus on ALS as the model system. It is the hope that these activities will stimulate interest and participation in research and development related to Agriculture in Space.
Conclusions
The universal attraction of space exploration topics has provided a very desirable context within which the SALSA program at the University of Guelph continues to flourish. The field of Advanced Life Support as it relates to space exploration is necessarily over-shadowed by other engineering challenges such as next generation space craft, propulsion technologies and robotic exploration vehicles. The requirements for life support technologies based on plants and other biological organisms are still perceived to be relatively far into the future of space science. Indeed, the investments by many space agencies in this field are quite modest and even diminishing in recent times. Notwithstanding the relatively few space missions directly related to plant biology and ALS applications in space, the field persists and will certainly grow in importance as we near the milestones of Lunar and Martian bases. It is clearly understood that food limits the distance from Earth and duration of human space exploration missions. We must develop reliable and self-sustaining food production systems if we are to prevail in long term exploration activities within our solar system and beyond. In other words, we absolutely must take edible plants with us if we intend to travel very far from our home. What is also abundantly clear is that technologies developed to address the life support challenges of the Moon and Mars are possibly even more valuable in addressing environmental sensitivity and agricultural sustainability here on Earth.
The SALSA program and the CESRF at the University of Guelph have represented Canada's contributions to this niche field in space exploration science for many years. There has been a growing list of technology transfer and commercialization opportunities yielded by this program of research and technology development since its inception in the mid-1990s. By virtue of a timely investment in a new generation of technology by the governments of Canada, Ontario and an industry partner consortium in 2000, a world class research venue has evolved. The program continues to support international collaborations and provide a training venue for the next generation of Canadian and international scientists in a fascinating field.
